Three types of polymethylmethacrylate (PMMA)-based composite cements containing 40− 56 wt% micron-sized titania (titanium oxide) particles, designated ST2-40c, ST2-50c, and ST2-56c, were developed as bone substitutes for vertebroplasty, and evaluated for their mechanical, setting, and biological properties. In animal experiments, ST2-50c and ST2-56c were implanted into rat tibiae and solidified in situ. Their biological properties were evaluated at 6 and 12 weeks after implantation. Compressive strength, bending strength, and bending modulus increased with increasing titania content. Peak temperature during the setting reaction decreased as the filler content increased. ST2-56c had direct contact with bone over larger areas than ST2-50c at 6 and 12 weeks. Data from the present study indicated that ST2-56c is a good candidate as a bone substitute for vertebroplasty.
Introduction
Recently percutaneous transpedicular vertebroplasty (PVP) with PMMA has widely prevailed. However the disadvantages of PMMA, such as the strongly exothermic reaction on setting and the toxicity of the monomer, would negatively affect the clinical result. Moreover, the lack of PMMA's bone-bonding ability can lead to clinical symptoms [1] . To overcome the disadvantages of PMMA, a composite bone cement containing nano-sized anatase-type titania particles was previously developed. It was reported that certain compositions of the cement had good osteoconductivity [2] . However, some of the nano-sized anatase particles tended to aggregate in the cement and the particle dispersion was not considered sufficient, and might decrease the osteoconductivity and the bending strength of the cement [2] . Recently micron-sized powders of anatase-rutile mixed-phase titania were successfully manufactured. Not only anatase, but also rutile is demonstrated to have an apatite-forming ability in vitro, and thus demonstrates bioactivity in vivo [3] . In the present study, we developed composite cements that contained micron-sized titania particles. The purpose of the present study was to evaluate the mechanical and setting properties, and osteoconductivity of cements containing micron-sized titania.
Materials and methods
Titania powder. Plate-like titania powder (Ishihara Sangyo Kaisha, Osaka, Japan) with an average particle size of 1.55 µm was supplied and used. Powder X-ray diffraction of the particles revealed that the titania particles are composed of anatase and rutile phases. The weight ratio of anatase/rutile in the 1.55 µm titania powder was approximately 1/1 according to the peak intensities of each diffraction pattern. TiO 2 powders were treated with a silane coupling agent as follows: 1.1 g of [γ -(methacryloxy)propyl]trimethoxysilane (γ-MPS) (Shinetsu Co. Ltd., Osaka, Japan), 1.6 g of ethanol and 0.2 g of ion-exchanged distilled water were stirred with a magnetic stirrer for 10 min. The solution containing the silane coupling agent was added to 110 g of TiO 2 powder and mixed in the shaker mixer TURBULA T2F (W. A. Bachofen AG Co., Basel, Switzerland) at 25 o C for 1 hour. The rotation speed was 96 rpm. After mixing, the mixtures were dried and heated at 130 o C for 5 min. The titania powder was mixed into three types of TiO 2 -dispersed cements designated ST2-40c, ST2-50c, and ST2-56c, with 40, 50, and 55.6 wt%, respectively. Polymethylmethacrylate powder. Spherical PMMA powder, with an average molecular weight of 270,000 daltons and an average particle size of 5 µm (standard deviation: 2 µm) was used. Preparation of the liquid. Liquid methacrylate (MMA) monomer (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used. Cement preparation. Four types of cements designated ST2-40c, ST2-50c, ST2-56c, and PMMAc were prepared. PMMAc was a commercially available PMMA-based bone cement (Osteobond; Zimmer, Warsaw, IN, USA) and used as a control material to evaluate setting time and peak temperature. The composition of each cement containing TiO 2 is shown in Table 1 . As an initiator, benzoyl peroxide (BPO; Nacalai Tesque, Inc. Kyoto, Japan) was added to the powder at 4.0 wt% of the monomer, and as an accelerator, N,N-dimethyl-p-toluidine (DMPT; Kanto Chemical Co. Inc., Tokyo, Japan) was dissolved in the liquid to 2.0 wt% of the monomer. Each cement was prepared by mixing the powder with the liquid for 1 min. Mechanical testing. The compressive strength, bending strength, and bending modulus of ST2-40c, ST2-50c, and ST2-56c were measured using five hardened cement specimens for each mechanical test according to ISO 5833. For bending mechanical analysis, four-point bend testing was performed with rectangular specimens (70 mm × 20 mm × 5 mm). For compressive mechanical analysis, prehardened cylindrical cement specimens, 6 mm in diameter and 12 mm in length, were prepared. Setting of cements. The cement pastes were mixed for 1 min and cast in a cylindrical mold made of polytetrafluoroethylene (inner diameter 60 mm, inner depth 20 mm), and its temperature change during the setting reaction was measured using an infrared thermometer under ambient conditions of 23 °C and 54%-65% humidity. >From plotting the time and temperature, the setting time of each cement was determined according to ISO 5833. Animal experiments. Eight week-old male Wistar rats were used for the implantation study. Cortical bone defects were created at the medial aspect of the proximal metaphysis of both tibiae, and a paste-form cement was inserted into the intramedullary canals of both bone, and each paste was allowed to cure in situ. A total of 12 rats (24 legs) were used, with each of the two types of cements being used in 12 legs. Six legs in each of the two subgroups were sacrificed at 6 and 12 weeks after the operation. The specimens were observed and evaluated using light microscope and scanning electron microscopy (SEM) with an energy-dispersive X-ray micro analyzer (EDX). To evaluate osteoconductivity, affinity indices (%) for each subgroup were calculated by using the SEM photographs. Statistical analysis. Values were expressed as means and their standard deviations (SD). Those of mechanical properties and affinity indices at the same time interval for each cement were compared using one-way analysis of variance (ANOVA) with Fisher's PLSD post hoc statistical test in
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StatView (version 5.0) for Windows. p-Values smaller than 0.01 were considered statistically significant.
Results

Mechanical properties.
The results of the mechanical properties measurement and their statistical analyses are shown in Table 2 . Setting time and peak temperature. The setting time of ST2-40c was 12 min 40 s, ST2-50c 9 min 0 s, ST2-56c 8 min 50s, and PMMAc 11 min 0 s. The peak temperature of ST2-40c was 104 °C, ST2-50c was 93 °C, ST2-56c was 81 °C, and PMMAc was 91 °C. Evaluation of the bone-cement interface. Giemsa surface staining indicated that there was typically no inflammatory reaction around ST2-50c, ST2-56c. The intervening soft tissue layer between cement and bone was more often seen around ST2-50c than ST2-56c at each time interval (Fig.1) . Low magnification SEM revealed that ST2-56c was in direct contact with bone over large areas within 6 weeks, while ST2-50c was in contact with bone over small areas. In the 12-week specimens, not only ST2-56c, but ST2-50c was in direct contact with bone over large areas. It was also revealed that titania particles in both ST2-50c and ST2-56c were uniformly well dispersed. Both ST2-50c and ST2-56c showed a marginal white line 30-60 µm wide at each time interval, regardless of whether they were in contact with bone. Back-scattered SEM at high magnification revealed that both ST2-56c and ST2-50c were in direct contact with bone within 6 weeks, but a thin intervening soft tissue layer less than 10 µm in thickness was often observed between ST2-50c and the bone. It was also revealed that ST2-50c and ST2-56c were in contact with bone via a white line, which was demonstrated to be a Ti-rich layer by SEM-EDX analyses. Evaluation of osteoconductivity. The affinity indices for all of the cements at 6 and 12 weeks, and the statistical comparisons, are shown in Table 3 . Table 3 . Affinity indices (%) for ST2-50c, ST2-56c and PMMAc in rat tibiae at 6 and 12 weeks after implantation (mean ± SD, n = 12). The values for PMMAc were derived from our previous study [2] . ST2-50c ST2-56c PMMAc 6w
10.6 ± 7.8 42.1 ± 12.9* 8.9 ± 4.4 12w 30.8 ± 9.0** 53.4 ± 16.6* 14.9 ± 10.4 *Significant compared with ST2-50c and PMMAc (p < 0.0001) **Significant compared with PMMAc (p = 0.0039)
Discussion and Conclusion
In the present study, there was an increasing trend of compressive strength, bending strength, and bending modulus with increasing content of titania filler. Compressive strengths of ST2-40c, ST2-Key Engineering Materials Vols. 309-31150c, and ST2-56c were significantly higher than those for PMMAc. Compared with bone cements currently used for vertebroplasty, all of ST2-40c, ST2-50c, and ST2-56c were acceptable, and ST2-56c was the most reliable bone substitute of the cements containing micron-sized titania (a) (b) Fig.1 . Giemsa surface staining of (a) ST2-50c and (b) ST2-56c in rat tibiae 6 weeks after implantation. C, cement; B, bone; Between arrows, intervening fibrous tissue. Bar = 30 µm.
particles in terms of its mechanical properties. The setting time of cements containing titania particles in the present study was reduced, and the peak temperature decreased, as titania filler content increased. Only ST2-56c exhibited less peak temperature than PMMAc and that of ST2-50c was almost the same as that of PMMAc. As a less exothermic reaction of bone cement would be better for vertebroplasty, both ST2-50c and ST2-56c were acceptable, but the ST2-56c appeared to have lower peak-setting temperature properties and is therefore recommended. The present animal experiments revealed that both ST2-50c and ST2-56c were biocompatible, and had superior osteoconductivity to cements containing nano-sized titania particles [2] . The micron size of titania particles presumably had a preferable effect on osteoconductivity of ST2-50c and ST2-56c. ST2-56c was in direct contact with bone over larger areas than ST2-50c, both at 6 and 12 weeks after implantation into rat tibiae. The larger amount of titania filler presumably contributed to the higher affinity indices of ST2-56c compared with those of ST2-50c. The marginal white line seen on SEM was a Ti-rich layer as revealed by SEM-EDX analyses and was similarly observed in cements containing nano-sized titania particles [2] . It is suggested that the properties of titania filler itself contributed to the formation of the white line. The present study demonstrates that ST2-56c has sufficient mechanical properties and excellent osteoconductivity as well as biocompatibility. Furthermore, it could be expected that the toxicity to living tissue would be diminished by the decrease in MMA monomer content and lowering of the temperature of the exothermic polymerization reaction for ST2-56c. Therefore, ST2-56c is a promising bone substitute for PVP, but further research on long-term osteointegration and bone-bonding strength should be performed before clinical application.
